Background/Aims: There is some consensus among authors of reports of clinical studies that a measure of follow-up time is informative for the interpretation of the Kaplan-Meier estimate of the survivor function of the event time of interest. Previous authors have suggested that length of follow-up is important to report because the findings of a study should be extracted from the time frame in which most of the subjects have had the event or have remained under observation. This time frame is where the Kaplan-Meier estimate is most stable. This concept of stability is relative to the potential maximum information about the event time distribution contained in the sample; it is not relative to the true, population survivor function. A measure of stability is useful for the interpretation of an interim analysis in which an immature survivor function is presented. Our interest in this article lies in characterizing the unobserved, complete follow-up Kaplan-Meier estimate based on the observed, partial follow-up estimate. Our focus is not on characterizing the true event time distribution relative to its estimate. The concept of stability has not been well-defined in the literature, which has led to inconsistency and lack of transparency across trials in their attempts to capture it through a variety of measures of follow-up. Methods: We report the results of a survey of recent literature on cancer clinical trials and summarize whether followup is reported and if so, whether it is well-defined. We define commonly used measures of follow-up in clinical studies. Results: We explain how each measure should be assessed to evaluate the stability of the Kaplan-Meier estimate for the event, and we identify relationships among measures. We propose a new measure that better conveys the desired information about the stability of the current Kaplan-Meier estimate relative to one based on complete follow-up. We apply the proposed measure to a meningioma study for illustration. Conclusion: It is useful for reports of clinical studies to supplement Kaplan-Meier estimates with quantitative assessments of the stability of those estimates relative to the potential follow-up of study participants. We justify the use of one commonly used measure, and we propose a new measure that most directly accomplishes this goal.
Introduction
There is some consensus among authors of reports of clinical studies that a measure of follow-up time is informative for the interpretation of the Kaplan-Meier estimate of the survivor function of the event time of interest. It has been explained 1-3 that length of followup is important to report because the findings of a study should be extracted from the time frame in which most of the subjects have had the event or have remained under observation. This time frame is where the Kaplan-Meier estimate is most stable. 3 This concept of stability is relative to the potential maximum information about the event time distribution contained in the sample; it is not relative to the true, population survivor function. A measure of stability is useful for the interpretation of an interim analysis in which an immature survivor function is presented. For example, once a trial has opened, researchers immediately turn their attention to the design of future trials and are eager for hints from the current trial. 4 Problems arise when the early data are used for future designs, but are not mature, and authors have noted that care should be taken not to report results until they are mature. 4 Our interest in this article lies in characterizing the unobserved, complete follow-up Kaplan-Meier estimate based on the observed, partial follow-up estimate. The concept of stability has not been welldefined in the literature, which has led to inconsistency and lack of transparency across trials in their attempts to capture it through a variety of measures of followup.
There is a clear distinction between this notion of stability and the notion of precision. If the precision of the Kaplan-Meier estimate was of interest, it would be best conveyed with confidence intervals or bands for the Kaplan-Meier estimate. Estimates of precision speak to the variability of the current data relative to the truth. Instead, we are interested in the variability of the current Kaplan-Meier estimate relative to the future estimate given complete follow-up. Both concepts are of interest and of use to report about clinical trials, 5 and here, we aim to clarify that of stability. There is no lack of clarity in the literature regarding the reporting of precision.
In this note, we survey current reports of cancer clinical trials and summarize what is reported regarding follow-up. We define the commonly used measures of follow-up and explain how they could be used to convey the degree of stability of the Kaplan-Meier estimate for the event of interest. We also suggest an alternative measure for this purpose. We illustrate the concepts and measures using data from a meningioma study.
Notation
Let X denote the time to event, C denote the time to censoring (the minimum of time to drop-out and end of study), T denote the observed time, that is, T = min(X, C), S X (t) = P(X . t), S C (t) = P(C . t) and f C (t) is the density function of C. We are interested in the survivor function for X, S X (t) = P(X . t), which we estimate with the Kaplan-Meier estimator. We assume throughout that X and C are independent.
Survey of cancer clinical trials
To investigate how follow-up time is currently being reported in cancer clinical trials, in which overall survival is a common endpoint, we conducted a search of the Original Reports in the Journal of Clinical Oncology between January 2013 and June 2013 for articles containing the phrase ''median follow-up.'' Of the 60 articles (37% of the 161 Original Reports) that reported a median follow-up time, 34 (57%) did not specify what was meant by ''median follow-up.'' This latter statistic is similar to the 50% found in a similar 1994 survey 1 of three clinical journals and to results from a 1995 survey. 5 A total of 17 (28%) specified that median follow-up was calculated as the median time on study for those event-free at the end of follow-up, that is, CjC \ X. One article reported both a median follow-up (undefined) and a median follow-up among those event-free. Four (7%) articles specified that median follow-up referred to median time to censoring, that is, C, two reported median potential follow-up, that is, to the end of follow-up-whether or not an event preceded that time, and two reported observation time on study, that is, T. Similar discordance was reported among a survey of authors who used the term ''median follow-up'' in American Society of Clinical Oncology/ American Association of Cancer Research abstracts. 3 None of the papers that reported follow-up presented the full estimated distribution functions of the measures; those that reported anything simply reported medians. Furthermore, none of these papers interpreted their reports of follow-up.
Measures of follow-up

Time to censoring
One measure of follow-up that has been favored 1,2,5 as a measure of the stability of the Kaplan-Meier estimate of the survivor function of X is the Kaplan-Meier estimate of the survivor function for C, S C (t), or derived summary measures from it, such as the median time to censoring. The estimate of the median of C is to be interpreted in the hypothetical world in which the event of interest is removed. Importantly, this is not equivalent to the median observation time of all subjects in the study or of subjects who do not experience the event. Only vague conclusions about the stability of the Kaplan-Meier estimate may be possible even on the basis of estimation of the distribution of C. For example, the greater the proximity of S C (t) to 1 for a large portion of the support of X, the greater the range of stability of the Kaplan-Meier estimate in the presence of additional follow-up. If the median of C is estimable, it conveys limited information if it happens to be less than the median of X; in this case, it is likely that with additional follow-up the Kaplan-Meier estimate for X could change at times prior to its median. If the median of C is estimable but larger than that of X, many scenarios for the movement in the Kaplan-Meier estimate for X with additional follow-up are possible.
Observation time
A second measure of follow-up is the estimate of the survivor function for T = min(X, C) or derived summary measures from it. The survivor function is given by P(T . t) = S X (t)S C (t), the product of the survivor functions for X and C. The condition given above for stability of the Kaplan-Meier estimate of the survivor function for X (i.e. proximity of S C (t) to 1 for a large portion of the support of X) translates into the condition of proximity of P(T . t) to S X (t), given the definition of P(T . t) = S X (t)S C (t). Again, the estimated median of T could be reported in conjunction with that of X, though this involves a substantial loss of information relative to a report of the full distribution. In some articles, the observation times are implicitly reported in the plot of the Kaplan-Meier estimate for X through numbers at risk given at regular time points along the time axis. As this information is not presented visually, it is difficult to integrate with the Kaplan-Meier estimate for X for an assessment of stability.
Observation time for those event-free: CjC \ X A third measure of follow-up is the estimate of the survivor function for the observation time for those who are event-free at the end of follow-up. As C is completely observed among those with C \ X, this survivor function is estimated simply by its empirical estimator, with theoretical expression given by
Interestingly, the corresponding joint probability, P(C . t, C \ X), termed the ''sub-survival'' or ''crude survival'' function, contributes to the lower Peterson 6 bound for the survivor function. These bounds incorporate the competing risk of censoring, but do not isolate the follow-up for assessment of the stability of the estimate of the survivor function. Among the three measures described, this measure is the most informative about the stability of the Kaplan-Meier estimate of the survivor function for X. This is because it is directly focused on exactly the subjects whose observed times could change with additional follow-up; it is simply a summary of their observation times. If the distribution of C for these subjects is concentrated at the upper limit of the support of X, only the right tail of the Kaplan-Meier estimate for X has the potential for change. However, if the distribution of C for these subjects is concentrated at the lower end of the support of X, the entire Kaplan-Meier estimate for X could change. Even the estimated median of C for these subjects relative to the median and support of X is informative about the stability of the Kaplan-Meier estimate for X as it reflects the values of the censored observations. Some authors who do consider the different possibilities for measure of follow-up 3,4 also favor this measure, albeit without justification. An argument against this measure is that if there are few event-free observations at the time of analysis, it is unstable. 5 
Relationships among measures
One formalization of the implied conditions for stability of the Kaplan-Meier estimator for X based on S C (t) and P(T . t) is that S C (t) . 1 2 e and P(T . t)/ S X (t) . 1 2 e for some e . 0 and for t in a large portion of the support of X. As noted above, these conditions are equivalent to each other because P(T . t) = S X (t)S C (t). Alternatively, it might be required that S X (t) 2 P(T . t) \ a. This is equivalent to S C (t) . 1 2 a/S X (t), which is less stringent than S C (t) . 1 2 e. Thus, either the distribution of C or the distribution of T could be used to assess the stability of the Kaplan-Meier estimate for X, though they should not be evaluated in an equivalent manner. This nonequivalence in the evaluation of measures has not been addressed at all in the clinical trials literature.
A second observation is that when both X and C are exponentially distributed with rates l X and l C , respectively, the distribution of T is equivalent to the distribution of CjC \ X, that is,
Thus, in this special case, there is no distinction among these two measures of follow-up. Based on our first observation, this indicates that when X and C are exponentially distributed, S C (t), P(T . t), and P(C . tjC \ X) all provide equivalent information regarding the stability of the Kaplan-Meier estimate for X. However, S C (t) should be evaluated relative to 1 and secondarily relative to S X (t), while P(T . t) and P(C . tjC \ X) should be evaluated relative to S X (t).
Alternative measures that convey stability of the Kaplan-Meier estimate
As current measures of follow-up do not directly convey desired information about the stability of the Kaplan-Meier estimate of the survivor function for the event of interest, we propose an alternative simple measure that directly addresses this quantity. This measure is the set of upper and lower limits for the Kaplan-Meier estimate: the upper limit is obtained by setting all censored observations to a value larger than the maximum event time (and retaining their status as censored), and the lower limit is obtained by coding all censored observations as events at the observed event times immediately following their censoring times. These are not confidence limits relative to the truth, but rather the deterministic maximum and minimum of the Kaplan-Meier estimate under complete follow-up of the censored observations. These limits directly convey the stability of the estimate based on the current data; narrow limits indicate stability, while wide limits indicate potential lack of stability. In contrast, the follow-up measures that are currently reported are not directly informative about this stability, but require subjective assessment relative to the Kaplan-Meier estimate for the event.
Metrics derived from the upper and lower limits are also useful. These include quantile summaries of the limits, the difference curve between the upper and lower limits and the area under this curve, normalized by the maximum event time, to range between 0 (complete stability) and 1 (complete instability). Additionally, it may be of interest to present partial difference curves to indicate directional instability: the difference between the upper limit and the Kaplan-Meier estimate and the difference between the Kaplan-Meier estimate and the lower limit.
Meningioma study
A study of patients with atypical meningiomas 7 investigated molecular correlates of survival and progressionfree survival. The study analyzed 86 subjects with completely resected atypical meningiomas. The subjects were sampled from two neurosurgical centers in Ireland. With respect to the endpoint of overall survival, the subjects in the study were censored either due to drop-out from the study or due to the administrative end of the study on 31 May 2010. Figure 1 displays the estimated survivor function for X (death), along with the log-log 95% confidence intervals and with the numbers at risk at several time points listed. The confidence intervals do not communicate the stability of the estimate, but rather the variability of the estimate relative to the truth. Figure 2 displays the proposed upper and lower limits for the estimated survivor function for X. Figure 3 displays the alternative measures of followup, including the estimated survivor functions for C, T = min(C, X), and CjC \ X.
The median time to censoring is 143 months, the median observation time is 100 months, and the median time on study for those still under observation is 135 months. These are all roughly in the middle of the support of the event time (0-267 months) and are less than the median time to death of 215 months and indicate broadly that with additional follow-up, the Kaplan-Meier estimate could change substantially. These conclusions are heuristic and qualitative.
The upper and lower limits confirm that the left hand portion of the estimate through about 75 months is quite stable, while beyond 75 months it could drop substantially. The normalized area under the difference curve ( Figure 4) is 29%, indicating moderate stability (0% would indicate perfect stability). The partial difference curves clearly indicate the potential direction of the movement of the Kaplan-Meier for X as a function of time; there is larger downward potential until about 250 months. The estimated 25th percentile of the survival distribution is 74 months; the 25th percentiles of the lower and upper limits are 63 and 75. This indicates some potential downward movement in the early part of the Kaplan-Meier for death. The estimated median of the survival distribution is 215 months, that of the lower limit is 103 months, and that of the upper limit is not estimable. This indicates a large potential for movement in either direction for the median survival. The estimated 75th percentile is 267, with lower limit of 215 and nonestimable upper limit. These summary statistics emphasize the stability of the estimate early in time and its instability in its middle and right hand tail. The information conveyed by the estimated distributions of C, T, or CjC \ X or their respective medians is considerably less directly connected with the notion of stability than that provided by these other measures. 
Discussion
The concept of follow-up is ill-defined in reports of clinical studies, which can lead to confusion, and does not provide the intended insight into the Kaplan-Meier estimate for the event and its stability under additional follow-up. Based on our survey of cancer clinical trial reports, it appears that more than half of published clinical trials report a median follow-up time without specifying how it is defined. Among other possibilities, median follow-up may mean median time to censoring, median observation time, or median observation time for those who are event-free at the end of the study. At the very least, the measure that is reported must be clearly specified. 4 We elucidate that summary measures of these distributions, such as medians, are only vaguely informative about the stability of the Kaplan-Meier estimate for the event of interest.
Among other considerations, these medians need to be evaluated in light of the rarity of the event of interest; a small median follow-up implies less stability in the setting of a rare event (i.e. large median time to event with few observed events at the time of analysis) than a common event of interest. This is due to the possibility of many additional events with complete follow-up, in conjunction with the instability of the small numbers of events at the analysis with incomplete follow-up. An alternative model for the event time is a mixture model, or cure model, 8, 9 in which every subject has a nonzero probability of not experiencing the event. The role of follow-up in this context would be interesting to consider.
Graphical presentation of the entire distributions is more useful. This point was made even more strongly in a 1991 publication, 3 which stated that ''median follow-up is not a valid or useful scientific term, and should not appear . detailed life tables should be appended to Kaplan-Meier curves.'' We also note that although both related to follow-up time, the distributions of C and T require different evaluations, and that the distribution of CjC \ X is most directly informative about the stability of the Kaplan-Meier estimate. We have also proposed a simple new measure, based on upper and lower limits for the potential Kaplan-Meier estimate, that more directly reflects the stability of the estimate.
We have focused on the stability of a single Kaplan-Meier estimate for an event. Stability is an issue, as well, for the comparison of two groups, such as through a logrank test. This is more complicated as it requires the evaluation of follow-up for each group separately and the subsequent assessment of the stability of the comparison of the groups. In some cases, it may be useful to base this on our proposed upper and lower limits for the individual Kaplan-Meier estimates.
